Temperate zone animals exhibit seasonal variation in reproductive physiology. In most cases, seasonal changes in reproductive states are regulated by changes in GnRH1 secretion, rather than synthesis, from the preoptic area (POA)/anterior hypothalamus. An important exception occurs in some songbirds that become photorefractory to the stimulatory effects of long days and show profound decreases in brain GnRH1 protein content. Whether this decline reflects changes in gene expression is unknown because of past failures to measure GNRH1 mRNA levels, due in large part to the absence of available GNRH1 gene sequence in this taxon. Here, we report the first cloning of GNRH1 cDNAs in two songbirds: European starlings and zebra finches. Consistent with the size of the prepro-hormone in other avian and non-avian species, the open-reading frames predict proteins of 91 and 92 amino acids, respectively. Whereas the decapeptide in both species is perfectly conserved with chicken GnRH1, the amino acid identity in the signal peptide and GNRH associated peptide subdomains are significantly less well conserved. At the nucleotide level, the starling and zebra finch coding sequences are approximately 88% identical to each other but only approximately 70% identical to chicken GNRH1. In situ hybridization using radiolabeled cRNA probes demonstrated GNRH1 mRNA expression primarily in the POA, consistent with previous studies on the distribution of the GnRH1-immunoreactive cell bodies. Furthermore, we provide evidence for photoperiod-dependent regulation of GNRH1 mRNA in male starlings. Declines in GNRH1 mRNA levels occur in parallel with testicular involution. Thus, photorefractoriness is associated with decreases in GNRH1 gene expression in the medial POA. 
R
eproduction is energetically costly. Therefore, animals have evolved mechanisms to coordinate breeding efforts to coincide with periods of abundance in nutrient resources so as to maximize reproductive success (1) (2) (3) . Temperate avian species use annual changes in photoperiod as a critical cue to time breeding (4 -6). The vernal increase in day length stimulates hypothalamo-pituitary-gonadal (HPG) axis activity, resulting in dramatic increases in gonadotropin secretion, gonadal growth, and a range of hormone-dependent processes (7) .
In some species the increase in day length also initiates a process, photorefractoriness, that ultimately inhibits reproductive physiology (8, 9) , i.e. long days first stimulate the HPG axis but later inhibit it through mechanisms that are still poorly understood. Some species, such as European starlings (Sturnus vulgaris), become absolutely photorefractory. Here, day lengths equal to or greater than those that initially stimulated reproductive function not only fail to maintain HPG activity but also actually serve to keep the axis in a quiescent state once regression commences. Only prolonged expo-sures to short days reset the system (i.e. photosensitivity) such that long days can once again stimulate HPG function (9, 10) . Starlings become photorefractory before the summer solstice and regain photosensitivity in the fall after exposure to short days (8) .
Seasonal changes in reproductive state are mediated by alterations in the GnRH1 neuronal system in the preoptic/septal areas (11) . In seasonally breeding mammals, such as sheep and hamsters, there are no appreciable differences in brain GnRH1 content in breeding and nonbreeding animals (12, 13) , suggesting that alterations in peptide release underlie changes in reproductive function. Indeed, this has been clearly demonstrated in sheep (14) . In contrast, several studies in songbirds demonstrated that GnRH1 protein content varies as a function of reproductive condition (9, 11, 15) . For example, in starlings, GnRH1 levels (16) and the number of GnRH1 cells in the preoptic area (POA) (17) are significantly greater in photosensitive and photostimulated birds than in photorefractory birds (18, 19) . Similar findings were reported in house sparrows (20, 21) , house finches (22) , dark eyed juncos (23) , and white-crowned sparrows (24) .
Declines in GnRH1 protein levels in photorefractory birds could be caused by a variety of mechanisms, including decreases in GNRH1 gene expression. Our ability to address this issue experimentally has been stymied up to now by an inability to measure the GNRH1 mRNA in these animals, in part because of the unavailability of GNRH1 gene or cDNA sequences in any songbird species. Here, we describe the: 1) cloning and sequencing of cDNAs for GNRH1 in two songbird species, starlings and zebra finches (Taeniopygia guttata); and 2) distribution and photoperiodic regulation of GNRH1 mRNA in the adult starling brain. The results of this work remove a long-standing road block in the field of avian neuroendocrinology, paving the way for novel investigations into the regulation of reproductive physiology in songbirds.
Materials and Methods

Animals
Two male zebra finches were purchased from a local supplier for use in cDNA cloning experiments. The availability of trace sequences through the zebra finch genome project provided the initial strategy to attempt cloning the GNRH1 cDNA in this species. Archival (frozen) brain and liver samples from a photosensitive European starling were used for cDNA cloning purposes. An additional 48 male starlings were caught using a drop-down V-trap in Conneautville, PA, in February 2008 (41°45Ј north latitude) and group housed on the same photoperiod (11 h light, 13 h dark) for that time of year. Food and water were provided ad libitum. These animals were used in the photoperiodic regulation studies (see below). Zebra finches are not seasonal breeders, so examination of GNRH1 regulation was limited to starlings. All birds were treated and handled in accordance with institutional, state, and federal animal care guidelines and permits.
Experiment 1: isolation and characterization of songbird GNRH1
In silico isolation of candidate zebra finch GNRH1 genomic sequence Using the chicken GNRH1 (cGNRH1) coding sequence from accession no. X69491 (or NM_001080877), we screened the zebra finch trace sequences in the Washington Genome Sequencing Center database by cross-species mega-Basic Alignment Search Tool (BLAST) using lowstringency parameters. We obtained hits to four clones (TGABawq50e04.g1, TGAB-avn91b08.b1, TGAB-aaj54c02.g1, and TGABakw27c01.b1). In all four cases, significant identity (ϳ82%) between the chicken and database sequences was observed within a 45-to 49-bp interval. Inspection of this interval revealed codons predicted to encode the cGnRH1 decapeptide (QHWSYGLQPG) and the juxtaposed GKR amidation/cleavage site. Although the 30 bp corresponding to the GnRH1 decapeptide differed at six positions between chicken and the zebra finch sequences (Fig. 1A) , all of the differences in the latter were degenerate.
Degenerate PCR
In chicken the sequences encoding the amino-terminal signal peptide, GnRH1 decapeptide, and GKR cleavage site are all contained within exon 2. Therefore, we designed degenerate PCR primers, based on the cross-species [chicken, turkey (accession no. AY632693), Japanese quail (accession no. AY635931), common goose (accession no. DQ023158), and mallard duck (accession no. EU049610)] comparison within the predicted exon 2, to amplify partial GNRH1 sequence from both zebra finch and European starling genomic DNA.
DNA was extracted from zebra finch and starling livers using commercial reagents (Bio-Rad Laboratories, Inc., Hercules, CA) and was subjected to PCR using primers 1 and 2 (Table 1 and supplemental Fig.  S1 , which is published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). The forward primer was directed against the first 20 bp at the predicted start of translation. The reverse primer was directed against HWSYGLQ of the decapeptide (17 of 20 underlying base pairs are conserved across avian species). The predicted 92-bp fragment was observed in both species (data not shown) and was ligated into the TA cloning vector, pGEM-T Easy (Promega Corp., Madison, WI). Recombinant clones were screened by restriction digest and sequenced commercially (GENEWIZ Inc., South Plainfield, NJ).
and 3 rapid amplification of cDNA ends (RACEs)
To obtain full-length GNRH1 cDNA sequences, we dissected hypothalami/POAs from one adult male zebra finch and one photosensitive adult starling. Total RNA was extracted using TRIZOL (Invitrogen Corp., Carlsbad, CA). 5Ј and 3Ј RACEs were performed with primers 3-11 in Table 1 (see also supplemental Fig. S1 ) and the reagents provided in the FirstChoice RLM-RACE kit (Ambion, Inc., Austin, TX) following the manufacturer's protocol. For 5Ј RACE, we used primer 3 (starling) or 4 (zebra finch) during first-strand cDNA synthesis (Table 1 and supplemental Fig. S1 ). All RACE primers were designed based on zebra finch and starling sequences obtained from degenerate PCR (described previously). For both 5Ј and 3Ј RACEs, and for both species, the inner (nested) PCRs yielded single amplicons, which were ligated into pGEM-T Easy. Recombinant clones were screened by restriction digest and were then sequenced.
RT-PCR
RNA was extracted from zebra finch caudal telencephalon, hypothalamus/POA, or cerebellum and subjected to RT-PCR using established methods (25) and primers directed against the 5Ј and 3Ј untranslated regions (UTRs) of zebra finch GNRH1 (accession no. FJ178435; primers 12 and 13 in Table 1 and supplemental Fig. S1 ). For each tissue, reactions were included in which the reverse-transcriptase enzyme was excluded (RTϪ) to control for potential genomic DNA contamination. PCR was also performed with primers (primers 14 and 15) directed against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (accession no. EF191794) as a positive control. PCR products were resolved on 1.2% agarose gels and digital images generated for purposes of data presentation.
Experiment 2: photoperiodic regulation of GNRH1 mRNA in starlings
Photoperiodic conditions
Male European starlings were randomly assigned to one of six treatment groups (n ϭ 8 per condition; supplemental Fig. S2 ). The first and second groups consisted of males exposed to long photoperiods (18 h light, 6 h dark) for 3 and 4 wk, respectively, and were considered to be in a photostimulated state. The third treatment group consisted of males exposed to long days for 5 wk, to coincide with the onset of photorefractoriness. The fourth and fifth groups were comprised of males exposed to long days for 7 and 9 wk. The last group consisted of photosensitive males maintained on short days. These photoperiods have previously stimulated predictable patterns of testicular recrudescence and regression (8, 15, 17, 18) . All birds were placed in the indicated photoperiods so as to terminate the experiment on the same calendar day. All birds were euthanized by rapid decapitation. At killing, the beak score and testis volume were recorded.
The change in coloration in beak across reproductive states is well characterized, and is a common method for establishing prolonged elevation and suppression of plasma testosterone concentrations (26, 27) . Beak color was scored on a scale of zero to three, where zero is all black, and three is completely yellow. Bright yellow beaks indicate elevated levels of androgens associated with the breeding season in this species and provide a reliable indication of the transition through reproductive states (26 -29) . In fact, in captive birds, beak coloration can be a more sensitive measure of circulating testosterone than RIA (30 -32) . Testis volume was determined at killing using the equation V ϭ 4/3a 2 b, where a is half the width, and b is half the length. The brains were extracted and frozen on dry ice, and placed at Ϫ80 C before sectioning for in situ hybridization.
In situ hybridization for GNRH1 mRNA
Brains were sectioned on a cryostat at 20 m thickness, and mounted directly onto Superfrost Plus slides (Fisher Scientific, Santa Clara CA) and stored at Ϫ20 C. Sections were collected beginning with the tractus septomesencephalicus (TSM) split and continued every fourth section (80 m apart) until the caudal aspect of the anterior commissure. A plasmid containing starling GNRH1 cDNA corresponding to the decapeptide, GNRH1 associated peptide (GAP), and the 3Ј UTR (ϳ350 bp) was linearized by digestion with SacI (sense; Promega) or NcoI (antisense) and purified using GENE-CLEAN (Qbiogene, Inc., Vista, CA). S 35 labeled cRNA probes (PerkinElmer Live and Analytical Sciences, Boston, MA) were transcribed by SP6 (antisense) and T7 (sense) RNA polymerases using a MAXISCRIPT kit (Ambion). Unincorporated nucleotides were removed with NucAway spin columns (Ambion). Probe quality was verified by gel electrophoresis and specific activity determined by a scintillation counter.
In situ hybridization for GNRH1 mRNA was performed in three separate batches, with all treatment groups represented in each batch. Slide-mounted sections were thawed and fixed for 10 min in 4% formaldehyde (diluted from 37% formaldehyde ampules; Ted Pella, Redding, CA) in 1ϫ PBS (Ambion), rinsed in 4ϫ standard saline solution (SSC) (Ambion), followed by a final rinse in 0.1 M triethanolamine (SigmaAldrich Corp., St. Louis, MO). Tissue charge was neutralized using 0.5% acetic anhydride (Sigma-Aldrich) in 0.1 M triethanolamine for 10 min. Slides were transferred to 2ϫ SSC for 5 min and then dehydrated in 50, a Primer 1 does not recognize the longer allele in zebra finch. In addition, even though the primer worked, the "R" at position 13 should have been "M."
b Primer 12 is a perfect match for the shorter of the two alleles. The T at the eighth position (italicized) is G in the longer allele.
75, 95, and 100% ethanol (5 min each). Sections were rehydrated in radiolabeled riboprobe solution [2.5 ϫ 10 5 cpm/ml diluted in 1ϫ hybridization buffer (Sigma-Aldrich) with 0.01 M dithiothreitol (SigmaAldrich)], sealed with cover glass, and hybridized overnight in a mineral oil bath at 60 C. After hybridization, oil was removed by two chloroform rinses and two 2ϫ SSC rinses. Sections were then washed at 60 C to remove nonspecific probe binding as follows: 20 min in 2ϫ SSC and 50% formamide (Sigma-Aldrich), followed by two washes for 20 min each in 0.1ϫ SSC. Finally, sections were then dehydrated in increasing ethanol concentrations. To visualize hybridization signal, slides were placed in lightproof cassettes and exposed to Kodak Biomax MR film (Eastman Kodak Co., Rochester, NY) for 72 h at room temperature. The film was developed using D19 developer and Kodak Fixer (VWR Scientific, West Chester, PA).
Quantification of GNRH1 mRNA
The intensity of GNRH1 mRNA signal in autoradiograms was evaluated by measuring the OD. Digital images were captured from autoradiograms from the TSM split through to the posterior portion of the anterior commissure using a high-resolution charge-coupled device Sierra Scientific camera (Sierra Scientific Instruments, Inc., Los Angeles, CA) and digitized with Alchemy TV DVR 2.5.1 (Macintosh, Apple Computer, Inc., Cupertino, CA). A standard curve was computed using ImageJ (National Institutes of Health, Bethesda, MD) software from known amounts of C 14 standards and the mean gray value for each control section. The OD was determined for each section collected throughout the POA. For each region of interest, the hybridization signal was clearly discernible and consisted of an increase in OD several times greater than the background. The signal was circled and the mean gray value determined for each hemisphere. The OD for the each area was then estimated from the standard curve and summed across the two hemispheres. The OD value was corrected for background by subtracting the OD from telencephalic regions in the same section. Finally, the total OD was calculated by summing all brain sections with hybridization signal. The graphs present the OD of GNRH1 mRNA across treatment groups.
Statistical analysis
One-way ANOVAs were conducted to assess significant differences (P Ͻ 0.05) in beak score, testis volume, and GNRH1 mRNA content. Tukey's post hoc analyses were conducted to determine pair-wise differences.
Results
Experiment 1: isolation and characterization of songbird GNRH1
Cloning of the zebra finch GNRH1 cDNA
The zebra finch GNRH1 cDNA sequence was determined through a combination of in silico database screening, degenerate PCR, and 5Ј/3Ј RACE PCR. Our analysis suggests the presence of two GNRH1 alleles, which differ most significantly by virtue of a three 3-bp insertion in exon 2 (see more below). The full-length cDNAs are 470 or 478 bp (not including the polyAϩ tails) with open-reading frames (ORFs) of 276 or 279 bp (GenBank accession nos. FJ178435 and FJ185159). Sequencing of 24 5Ј RACE clones mapped a predominant transcription start site 58 bp 5Ј of the translation start (17 of 24 clones). Start sites at Ϫ57 (two of 24), Ϫ56 (one of 24), and Ϫ53 (four of 24) were also observed. The four clones starting at Ϫ53 all corresponded to the shorter of the two alleles. The four 3Ј RACE clones sequenced revealed addition of a polyAϩ tail within 21-31 bp 3Ј of a consensus AAUAAA polyadenylation signal. RT-PCR with primers directed against 5Ј and 3Ј UTR sequences amplified a product of the expected length (333 or 336 bp) in the hypothalamus/POA, but not in telencephalon or cerebellum (Fig. 2) . Sequencing of the PCR product(s) confirmed the cDNA sequence predicted from a contig of overlapping degenerate PCR, and 5Ј and 3Ј RACE clones.
BLASTN (discontiguous megaBLAST) of the zebra finch GNRH1 ORF (276 bp form) against the nonredundant database showed highest sequence identity to GNRH1 sequences from ring dove (192/270, 71%, accession no. EU699771), quail (157/ 217 bp, 72%), chicken (152/215, 70%), goose (131/182, 71%), turkey (144/205, 70%), and duck (134/195, 68%). In contrast, the cGNRH1 ORF showed 80 -91% identity with orthologs in turkey, quail, goose, duck, and dove. As mentioned previously, within the decapeptide encoding sequence, the zebra finch differed at six of 30 bp from chicken, even though the predicted peptide sequence is conserved. In fact, when comparing this sequence between zebra finch and six other (non-songbird) avian species, there are four to seven out of 30 bp that differ, and all do so at the third position of degenerate codons (Fig. 1A) .
The ORF of zebra finch GNRH1 predicts a protein of 92 or 93 amino acids, with the characteristic amino to carboxyl terminal arrangement of a signal peptide, the GnRH1 decapeptide, a GKR amidation/cleavage site, and the GAP (Fig. 1B) . Alignment of the predicted prepro-GnRH1 amino acid sequences revealed 53-60% identity between zebra finch and the other, nonsongbird avian species. In contrast, chicken prepro-GnRH1 shares 75-91% identity with orthologous sequences in nonsongbird avian species.
Zebra finch GNRH1 genomic structure
The zebra finch GNRH1 genomic ortholog was identified by BLAST against the zebra finch genome sequence trace archives, http://www.ncbi.nlm.nih.gov/BLAST/mmtrace.shtml, using default parameters with the first 141 bp of the ORF as the search sequence. The gene has been assigned to chromosome 22 in the current public release of the genome assembly (build 3.2.4, July 14, 2008; http://genome.wustl.edu). Sequence from contig 117.80 and the cDNA sequence described previously were used to predict the GNRH1 genomic structure (supplemental Fig. S1 and Table 2 ). As in other species, zebra finch GNRH1 consists of four exons, spanning 3548/3556 bp of genomic sequence. Exon 1 is noncoding, whereas exon 2 contains the signal peptide,
FIG. 2.
RT-PCR analysis of GNRH1 mRNA expression in zebra finch brain. PCR was run with species-specific GNRH1 and GAPDH primers (Table 1) . PCR products were resolved on 1.2% agarose gels. RTϪ and RTϩ, omission (Ϫ) and inclusion (ϩ) of the RT enzyme during cDNA synthesis. Cereb, Cerebellum; POA/ Hyp, POA/anterior hypothalamus; Telen, caudal telencephalon.
decapeptide, and amino terminus of GAP. Exons 3 and 4 encode the remainder of GAP and the 3Ј UTR (exon 4).
Presence of two GNRH1 alleles in zebra finches
During our analyses we collected data consistent with the presence of at least two GNRH1 alleles in zebra finch. First, RT-PCR with primers in the 5Ј and 3Ј UTRs generated clones with inserts of either 333 or 336 bp (three and eight clones of each out of 11 total that were sequenced). Second, comparison of these sequences to the genomic sequence in contig 117.80 revealed a 3-bp insertion (GGA) in the 336 bp clones, within exon 2. The three additional base pairs introduce a third arginine (Arg) residue juxtaposed to two Arg residues at positions 5 and 6 of the signal peptide (see arrowhead in Fig. 1B) . Because the additional base pairs occur at least 15-bp 3Ј to the start of exon 2, and exon 2 sequence is otherwise unaltered, this does not appear to reflect an alternative splicing event. A third observation consistent with the presence of an alternate allele was the co-occurrence of single nucleotide polymorphisms (SNPs) with the 3-bp insert in clones derived from PCR with the UTR primers, i.e. the Ser at position 72 of the shorter isoform is encoded by the codon AGC. In clones corresponding to the longer isoform, the corresponding codon (Ser73) is AGT, with a C to T transition at the third position. The C is observed in contig 117.80, which appears to reflect the shorter of the two alleles. Three of four 3Ј RACE clones sequenced had the AGT (long) rather than AGC (short) codon. The position of the 3Ј RACE primers precluded assessment of cooccurrence of additional GGA in these clones. Fourth, we observed additional SNPs in the 5Ј UTR that co-occurred with the presence or absence of the additional GGA, i.e. 18 of the 24 5Ј RACE clones had the 3-bp insertion, and in these clones there was a G at Ϫ16 bp relative to the start of translation. The corresponding base pair was T in both contig 117.80 and five of six 5Ј RACE clones corresponding to the shorter isoform (note that primer 12 has the T at this position, Table 1 ). These five clones also had an A at bp Ϫ44, which was G in the long isoform clones and, in this particular case, contig 117.80.
To confirm the presence of two alleles, we PCR amplified a region of the GNRH1 gene predicted to contain the 3-bp insert using primers 8 and 12 (Table 1 and supplemental Fig. S1 ). The resulting approximately 590-bp product was cloned and sequenced. Out of six clones, two lacked the extra GGA repeat, as seen in contig 117.80, and four contained it, again consistent with the presence of at least two alleles. Several additional SNPs were observed within intron 1, which fell into four general classes: 1) common to the two short allele clones and contig 117.80, 2) common to the four long allele clones and contig 117.80, 3) common to the six clones but distinct from contig 117.80, and 4) distinct among all three sequence types.
The expression data (RT-PCR and 5Ј/3Ј RACE) clearly indicate that both alleles were transcribed; however, approximately 74% of our clones corresponded to the longer of the two alleles [5Ј RACE (18 of 24), 3Ј RACE (three of four), and full-length clones (eight of 11)]. Whether this reflects differences in relative expression levels or cloning biases is not yet clear. The longer isoform has an additional Arg in the putative signal peptide relative to the shorter allele and to prepro-GNRH1 in other avian species (Fig. 1B) . When we analyzed the protein sequences encoded by the short and long alleles, both were predicted (http:// www.cbs.dtu.dk/services/SignalP/) to have amino-terminal signal peptides, with cleavage occurring between alanine (position 23 in Fig. 1B ) and glutamine (position 24; the first amino acid of the decapeptide). Thus, the additional amino acid is not predicted to disrupt processing and trafficking of the protein.
Cloning of the starling GNRH1 cDNA
The European starling GNRH1 cDNA was similarly cloned through degenerate PCR and 5Ј/3Ј RACE (GenBank accession no. FJ178434). The full-length cDNA is 440 bp with a 273-bp ORF. Sequencing of four 5Ј RACE clones mapped three potential transcription start sites at 50 (one), 52 (two), or 54 (one) bp 5Ј of the translation start. The four 3Ј RACE clones sequenced indicated addition of the polyAϩ tail 12-16 bp 3Ј of a consensus AAUAAA site. Unlike the case with zebra finch, we did not observe multiple GNRH1 alleles in starling. Interspecies comparisons between the starling GNRH1 coding sequence and predicted prepro-GNRH1 protein sequences showed highest identity to zebra finch and lower identity to chicken and turkey (Fig. 1B) . Within their ORFs, starling and zebra finch GNRH1 sequences are 87.5% identical. The nucleotide sequence identity with chicken was only 70%. Surprisingly, the 5Ј and 3Ј UTRs in starling and zebra finch were also highly conserved, 89 and 82% identity, respectively. RT-PCR analysis revealed GNRH1 mRNA expression in starling POA, but not in cerebellum or liver (data not shown). The table shows the DNA sequence at the exon/intron boundaries for zebra finch GNRH1. Exons 1-4 were determined by aligning the zebra finch GNRH1 cDNAs (GenBank accession nos. FJ178435 and FJ185159) to genomic sequence from the zebra finch contig 117.80. The size of the exons and introns is given in base pairs. For exons 1 and 2, two lengths are given to reflect the predicted products of two distinct alleles.
demonstrated that long days first stimulated and then suppressed the HPG axis, as predicted. In situ hybridization analysis revealed strong labeling in the POA in sections incubated with antisense, but not sense, cRNA probes (Fig. 4) . The total OD of GNRH1 mRNA varied significantly across treatment groups [F (5, 42) ϭ 3.61; P Ͻ 0.01; Fig. 3C ]. Photostimulation increased GNRH1 mRNA levels relative to photosensitive birds. The levels remained elevated through 5 wk and then declined significantly by 9 wk, when birds were fully photorefractory. Further analysis demonstrated that the difference in the total OD reflected significant photoperiodic variation in the number of tissue sections with hybridization signal [F (4, 52) ϭ 4.71; P Ͻ 0.005]. The numbers of tissue sections with hybridization signal were (means Ϯ SEM): short day photosensitive (SD), 7.25 Ϯ 1.3; long day length for 3 wk (LD3), 10.12 Ϯ 1.5; long day length for 4 wk (LD4), 15.37 Ϯ 3.7; long day length for 5 wk (LD5), 10.75 Ϯ 1.7; long day length for 7 wk (LD7), 9.23 Ϯ 1.7; and long day length for 9 wk (LD9), 1.87 Ϯ 0.5. Given the section thickness and sampling interval, we predict that the rostral-caudal extent of GNRH1 mRNA expression was (in m) 580 (SD), 809 (LD3), 1229 (LD4), 860 (LD5), 738 (LD7), and 150 (LD9). Importantly, the decrease in GNRH1 mRNA occurred in parallel with testicular involution (compare Fig. 3 , B and C).
Discussion
Cloning of songbird GNRH1 cDNAs Here, we describe the first cloning and characterization of the GNRH1 cDNAs in songbirds (zebra finches and European starlings) using in silico, degenerate PCR, and 5Ј/3Ј RACE RT-PCR analyses. Several pieces of evidence converge to indicate that the cloned sequences correspond to the gene encoding the GnRH1 decapeptide regulating reproductive physiology in these species. First, both cDNAs contain a 30-bp sequence predicted to encode a decapeptide identical to that observed in chicken and other non-songbird avian species (32) (33) (34) . Previous HPLC and immunologic analyses indicated that the starling brain contained a cGnRH1-like peptide (35) . Second, the ORFs of the two cDNAs were highly similar to one another (ϳ88%) and shared approximately 70% nucleotide sequence identity with the presumptive orthologs in other avian species. Third, alignment of the deduced zebra finch cDNA sequence with the recently available zebra finch genomic sequence predicted a four exon gene, consistent with the GNRH1 genomic structure observed in other species (32, (35) (36) (37) (38) (39) . Fourth, as in other species, exon 1 encodes the 5Ј UTR, exon 2 encodes the signal peptide, decapeptide, and N terminus of the GnRH associated peptide (GAP), exon 3 encodes part of GAP, and exon 4 encodes the C terminus of GAP and the 3Ј UTR. Fifth, both RT-PCR (zebra finch) and in situ hybridization (starling) analyses show expression of the corresponding mRNA in the POA and not in other parts of the brain. In the latter case, the pattern of expression is strikingly similar to that observed with immunocytochemical detection of GnRH1 cell bodies (15-18) . Finally, the presumptive GNRH1 mRNA changes in abundance in a pattern consistent with observed changes in re- productive state. In the aggregate these data strongly suggest that the cloned cDNAs correspond to GNRH1 in songbirds.
It is interesting to note that the GNRH1 cDNA sequences in starlings and zebra finches are more similar to one another than is either to the orthologs in several non-songbird avian species. This might help explain past difficulties in cloning the songbird sequences or examining GNRH1 mRNA expression based on the available chicken sequence alone. At the same time, we predict that the high-sequence identity between zebra finch and starling should now make it relatively straightforward to clone GNRH1 cDNAs in other songbird species.
Photoperiodic regulation of GNRH1 mRNA
Unlike the case in mammals, seasonal changes in reproductive function observed in many avian species are associated with dramatic changes in hypothalamic GnRH1 protein content. In starlings the state of photorefractoriness is characterized by a profound decrease, relative to photostimulated birds, in hypothalamic content of the unprocessed protein pro-GnRH-GAP (18) , the precursor to the GnRH1 protein (16 -18) , which itself is markedly decreased in photorefractory birds (15) (16) (17) (18) . Here, we demonstrate that these declines in GnRH1 protein likely derive form associated suppression of GNRH1 mRNA expression in the POA, principally in the rostral-caudal extent of cells expressing GNRH1 mRNA, i.e. changes in reproductive state are associated with alterations in the number of cells or populations of cells expressing the GNRH1 mRNA and GnRH1 protein.
The decrease in GNRH1 mRNA occurs in parallel with testicular involution. This appears to contrast with previous research showing that the decrease in hypothalamic GnRH1 protein content is delayed relative to testicular involution (8) . The protein data suggested a model in which photorefractoriness is associated first with a decline in GnRH1 secretion, followed later by a decline in protein production. In light of the data presented here, we would propose an alternative model in which the onset of photorefractoriness is marked by correlated declines in both GNRH1 gene expression and GnRH1 protein secretion. Although one might predict an associated decline in protein content (the data in Ref. 8 suggest that it is delayed), the attenuation of secretion might allow for accumulation of protein from the diminishing, but still available, pool of mRNA. Over time, stored protein would be lost (released and/or degraded), and mRNA content would be insufficient to maintain previous protein levels.
It is also interesting to consider the relationship between GNRH1 mRNA expression and GnRH1 release in photosensitive birds. Here, we observe that testis sizes are comparable between photosensitive and photorefractory animals, despite a clear difference in GNRH1 mRNA levels between the two. This difference is also observed at the protein level (8) . Therefore, even though photosensitive birds can make GNRH1 mRNA and GnRH1 protein, they do not release sufficient quantities of the latter to stimulate gonadal development. N-methyl D-aspartate, which stimulates GnRH1 secretion, promotes LH release in photosensitive starlings (40) , indicating that these animals produce sufficient quantities of GnRH1 to regulate pituitary function. Therefore, the suppressed reproductive state of these animals seems to reflect a suppression of GnRH1 pulse frequency and/or amplitude, rather than insufficient production the hormone. The latter is characteristic of the photorefractory state. In photostimulated birds there are increases in both GNRH1 mRNA and GnRH1 protein (18, 19) expression. Whether this is a cause or consequence of increased GnRH1 secretion in these animals remains to be determined.
Conclusions
We have known for more than 20 yr that photorefractoriness in starlings is associated with declines in GnRH1 protein levels. However, the mechanisms mediating this change were unknown because of past failures to measure GNRH1 mRNA. Here, the successful characterization of GNRH1 cDNAs in zebra finches and starlings permitted an analysis of GNRH1 mRNA levels in a simulated reproductive cycle. We observe that photorefractory starlings experience significant declines in GNRH1 gene expression that closely parallel the changes in testicular volume. Thus, photorefractoriness in starlings appears to be associated with a molecular "switch" in which long days first stimulate and then inhibit expression of the GNRH1 gene. The work presented here paves the way for analyses of GNRH1 gene expression in other songbirds, a taxon that exhibits marked species variation in reproductive strategies.
